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Summary

Theeffectofvariationsof orificelengthto diameter

ratioon spraycharacteristicswasdeterminedfora 0.014-inch

anda 0.040-inchorificeforratiosof 0.5to 4.0. Thenozzles

containingtheorificesweremountedin an injectionvalveand -.

testedwitha plainstemandwitha helicallygroovedstem.

The injectionpressurewasvariedfrom4000to 8000poundsper

squareinch. Theairdensityintowhichthefuelwassprayed

wasvariedfromthedensityobtainedwitha pressurecf 60

poundspersquareinchto thedensitycbtainedwitha pressuxe

of 250poundsper squareinchatroomtemPera~re~Thetests

showedthatincreasingtheorificelengthto diameterratiowith

a plainstemin theinjectionvalvecausesthespraytippene-

trationfirstto decrease,reachinga minimumbetweena ratio

of 1.5 and2.5,andthento increase,reachinga maximumat a

ratiogreaterthan3.5. Thespraycone-angleshowedlittle

changewithvariationof theratio.Witha helicallygrooved

stemanda smallratioof orificemea to groove~ea> thepene-

trationat firstshowslittletendencytowardsa minimum;but,
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as thetirleof injectionis increasedto 0.004second,thepene-

trationbecomesa minimumat a ratiobetween0.5and2.0. AS

theratioof orificetogrooveareais increased,thereisless

tendencyfora minimumpenetrationto occurbetweentheratios

of orificelengthto diameterof0.5and4.0up to 0.004second

afterthestartof injection.

Int r o duc t i on

Oneof theimportsntfactorsinfluencingthepenetration

andthedistributionof thefuelsprayin thecombustionchamber

of a fuel-injectionengineis theratioof thelengthto thedi-

ameterof thedischargeorifice.Theresultspublishedon re-

searchesto determinetheeffectof theorificelength-diameter

ratioon thefuelsprayaremeager.JoachimandBeardsley(Ref-

erence1) foundthat,withan injectionvalveemployinga heli-

callygroovedstem,a ratioof 1.5gavethegreatestspraytip

penetrationduringthetimeavailableforinjectionin compres-

sion-ignitionengines.Theyalsofoundthatthespraycone-angle

increasedslightlywithan increasein theratio. McKechnie,

as quotedby Buchner(Reference2),concludedthatto obtain

thegreatestultimatepenetration,thelengthoftheorifice

shouldbe madeas lo;~gas possible,andto obtainthegreat-

estfinenessof atomizationthelengthshouldbemade= short
i aspossible.Thelengthof theorificecannotbe increasedin-

definitely,however,
●

withoutreachinga lengthbeyondwhichthe
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penetrationbeginsto decreasebecauseof frictionlossesin

theorificethroat.

Thetestsreportedhereinrepresenta paxtof an investi-

gationbeingconductedat theLangleyMemorialAeronauticalLab-

oratoryatLangleyField,Virginia,to determinetheeffectof

theorificelength-di,~aterratioon fuelsp~aycharacteristics

fora seriesof orificescovering sizes suitableforaircraft

compression-ignitione~-ines.

MethodsandApparatus

High-speedmotionpicturesweretaken,by mems of the

N.A.C.A.sprayphotographyequipment,of”individualfuelsprays

dischargedfromtheorificesintoairatvariousdensitiesand

at rooimtemperature.Theapparatus,whichis capableof taking

photographsat therateof 40,00per second,hasbeendescribed
-.

in detailinReference3.

Theinjectionnozzlescontainingthedischargeorifices

werethesaneas employedby theauthorin theinvestigationon

coefficientsof dischargeof orifices(Reference4). There-

sultsof thesetestsshowedthatorificesgeometricallysimilar

to thatshownin Figure1 had a dischargecoefficientof 0.94,

=d thatthecoefficientwasnotaffectedby thebackpressure

intowhichthedischargetookplace.

A nozzlewitha single0.014-inchdi~.eterorificeandone

witha 0.040-inchdiameterorificewereusedinthetestsre-
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portedherein.Theorificelengthto di~etezratiowasvaried

from0.5to 4.0. Thenozzleswereassembledin an automaticin-

jectionvolveshowninFigure1. A plaininjectionvalvestea

andonevithfourgrooves,havinga helixangleof 30 degrees

weretestedin conjunctionwiththenozzles.Thecombinedarea

of thegrooveswasequivalentto a 0.022-inchdiameteror$fice,

makingtheratioof orificeareato groovearea0.4and3.3for

the0.014-and0.040-inchorifices,respectively.

The’injectionpressureswerevsxiedfrom4000to 8000

poundsper squareinch,andthechamberairdensitieswerevar-

iedfromthedensityobtainedwithpressuresof60 poundsper

squareinchto thedensityobtainedwithpressuresof 250pounds

per squae inchat roomtemperature.Thefuelwasa high-grade

Dieseloilwitha specificgravityof 0.86anda viscosityof

0.048poisesat 80 degreesFahreriheit.

A recordof thedevelopmentof a singlefuelsprayis shown

inFigure2. The spraypenetrationin a giventimeafterthe

startof injectionis takenas theciistancethespraytiphas

penetrated.Thelinesdram on thephotographshowhowthe

spraypenetrationandspraycone-angleweremeasured.Themaxi-

mumpenetrationwhichtheappaxatuscouldrecordwas5 inches.

Wheregreaterpenetrationsareshowntheywereobtainedby ex-

trapolatingthecurvebeyondthispoint. Undertheseconditions

thespraypenetrationc-drveup to 5 inchesWassonearlya

straightlinethattheextrapolationwaspermissiblewithoutin-

—

.
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troducingm appreciableerror.

ResultsandDiscussion

,

.

Noncentrifuga,l.FuelSprays.-Figure3 showsthespraypene-—— ...
trationwiththe0.014-inchdiameterorificeO.001secondafter

thestartof injectionwiththeplain~temin theinjection

valve. Thecurvesshowlittlevariationin thepenetrationfor

orificelengthto diameterratiosfrom0.5to 1.0. However,as

theratiowasincreasedthepenetrationdecreased,reaohinga

minimumat a ratiobetween2.0 and2.5. Thepenetrationthenin-

creased,andthecurvesshowa decidedrateof increaseat the

ratioof 4.0,thelargesttested.Therateof changeof thepen-

etrationwithorificelengthto diameterratiodecreasedas the

chamberdensityintowhichthefuelwas sprayedwas increased.

Figure4 showsthepenetrationtiterO.001secondwiththe

0.040-inchdiameterorifice.A comp~isonof thissetof curves

withthoseshowninFigure3 showsthatthecurvesforthelaxger

orificearesimil~~to thoseforthesmallerorifice,buthave

beenshiftedtowardtheorigin.Thepenetrationshowsa decrease

as theorificelengthto diameterratiois increasedfrom0.5to

1.0. Theminimumoccursbetweentheratiosof1.0and1.5. As

theratiois furtherincreased,thepenetrationincreases.A-f-

terthexa.tioof 3.0hasbeenreached,however,therateof in-

creaseofpenetrationstartsto decrease;sothat,forthe

highinjectionpressureandlowchamberdensities,a maximm pene-
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trationisreachedbetw~entheratioof 3.0and4.0. Thecurves

whichdonotshowa maximumindicatethata maximumwouldhave

beenreachedhadtheorificelengtinto diameterratiobeenex-

tendedtovaluesgreaterthan4.0.

Theexplanationof theshapeof thecurvesis foundin an

analysisof theflowth~oughtheinjectionnozzle..Thejet

contractsas it entersthethroatof theorificefromtheup-

streamsideof thenozzle.Theamountof contractiondepends

on thepressurehead,theviscosityma densityof thefuel,
. andtheenteringedgesof thenozzle.Followingthecontraction,

thejetre-eqar!.dsandtendsto filltheorificethroat.If the* t
lengthof thethroatis sufficient,tb.e expandedjetis redire@-

ed alongtheaxisof theorifice,increasingthevelocitycompo-

nentof thefuelin thisdirection.Thezesultis to increase

theinitialvelocityof thespray,pa~allelto theaxisof the.
throat.Whentheo~ificelengthisnotsufficienttopermit

completere-expansionwithintheorificethroat,theflowcondi- —
tionscaiinotbe completelydetermined.Theresultsshowthat

thespraypenetrationdecreasedreachinga minimumat an ori-

ficelengthto diameterratiovaxyingfrom1.0to 2.5,depending

on theconditions.Aftertheminimumwasreachedthespraypen-

etrationagaininczeased.However,dueto skinfrictionandin-

ternalfriction,theenergylosses?7ithinan orifice’throatalso
●

✎

increaseastheorificelengthis increased.Hence,a ratiois

.-+ . .-
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reachedwherethepenetrationreachesa maximum,andanyfurther

increasein theorificelengthresultsin decreasingthepene-

tration.Thisconditionifiobservedin Figure4. Thecoeffi-

cientsof dischargefor~heorifices(Figure5) snowthatithe

coefficientis thes~e forthe0.014-inchorificeforlength

to diameterzatiosfrom1.0to 3.0andfor injectionpressures

from1000to 4000poundsper squareinch;butthatfora ratio

of 0.5t-necoefficientdecreasedasthepressurew- increased.

It canbe concludedfromFigures3 and5 that,withthe0.014-

inchorifice,theinitialaxialvelocityof thefuelsprayvar-

iedconsiderably.It canalsobe concludedthat,althoughwith

a ratioof0.5theYateof fueldischargewaslessthanwitha

ratioof 1.0,theaisl velocityof thejetwassufficientto

causethejetto penetrateas faras fortheratioof 1.0.

CentrifugalFuelSprays.-Figui’es6 and7 showthespray

tippenetrationusingthe0.014–inchdiameterorificeat 0.002

and0.004secondafterthestartof injection,withthehelical-

ly groovedstemin theinjectionvalve. At 0.002secondminima

or maximaoccurredin sonecaseswith8000poundsper squareinch

injectionpres6ure.With4000and6000poundsper squareinch

injectionpressuretherateof chAngeofpenetrationvariedwith

theorificelengthto diameter-ratio,butnotsufficientlyto

causeeithera minimumor a maximum.In allthecurvesthepene-

trationis increasingat theratio4.0. At 0.004secondminimum
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penetrationoccurredin everycasebetweentheratiosof1.0

and2.0. As wasthecasewiththeplainstem,therateof in.

creaseofpenetrationdecreasedas thech~”DeZdensityinto

whichthefuelwassprayed

Thespraypenetration

0.040-inchorifice(Figure

as areshGwnin Figure7.

case,therewas a tendency

was increased.

at 0.002and0.C04secondwiththe

8) showsmuchthesameshapeof curves

Whileminimadidnotoccurin every

forthemto occurbetweentheorifice

.

.

lengthto diameterratiosof 1.0and2.0 in thecaseof the

4090poundsper squ~e inchinjectionpressureat 0.002second.

A comparisonof Fiaves 6, 7, and8 withFigures3 and 4,

showsthatthepenetrationwiththecentrifugalsprayswascon-

siderablylessthanwiththeplainsprays.Thisis duebothto

thevelocitycomponentsof %he spray,whicharenotpaxallelto

theaxisof thespray,andto thelossin energycausedby.the -

fuelpassingthroughthehelicalgrooves.Inpassingthrough

thegroovesthefuelwasgivens.velocitycomponenttangential,

as wellas axial,to tliecrosssectionof theinjectionvalve

stem. Followingthis,thefuelwasforcedto convergeandpass

throughtheorifice,wheretheaxialcomponentwasincreasedand

thetangentialcomponentwaspartiallydampedout. Theamount

of thisdampingdependedon theorificelengthto diameterratio

andon theorificeareato groovearearatio. As theorifice

lengthwasincreased,thetangentialvelocitycomponentswerede-

creasedandtheaxialcomponentsincreased,resultingin an in-
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creaseinthepenetration,althoughtherewassomeinterference

to there-expansionof thejetin theorificethroat,as is shown

in Fia%-e7. As theratioof orificeareato grooveareawas inc-

reased,thetangen.ti~velocitycomponentswereincreased,be-

causethevelocitythroughthehelicalgrooves?i’asincreased,

makingthesprayfromthe0.040-inchorificehavelesspenetra-

tionthanthesprayfromthe0.014-inchorifice.

InFigure5 theextentof theener~ylosswiththehelicaL-

ly groovedstemis indicatedby thecoefficientsof discharge.

It is seenthatwiththe0.040-inchorifice,inwhichthetan–

gentia.1velocitycomponentswerehigh,thecoefficientof dis-

chargewasextremelylow. Whiletherewasconsiderableenergy

losswiththe0.014-inchorificeandthecentrifugalstem(com-

parecurves(b)and(c)),thecoefficientof dischargewasap-.
proximately2.8timesas greataswiththe0.040–inchorifice.

JoachimandE!eaxdsleyconcludedfromtheirexperimentsthat,

fora helixangIeof -40degrees,thegreatestpenetrationat

().003secondwasobtainedwithan orificelengthto diameter

ratioof1.5sTfieyusedan 0.022-inchorificeanda stemwith

sixhelicalgroo?es,givinga ratioof orificeareatogroove

areaof 0.63. Theinjectionpressurewas8000’po-undsper square

inchandthech~ber densitycorrespondedto a pressureof200

poundspersquareinch. In Figure6 of thisreportit is seen

thata m~imum penetrationoccurredat 0.002second,with8000

poundsper squareinchinjectionpressureand250poundsper
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squareinchchsmberpressureat anorificelengthtc dimeter

ratioof2.3. However,at0.004second(Figure7), no maximuin

occurredbetweenratiosof 0.5 and4.0. Thepresentworkshows

that,whilea maximumpenetrationmayoccurat a loworifice

lengthto diameterratio,thepenetrationdecreasesafterthis

maximum,andthenincreasesagain,sothata secondmaximumis

reachedwhichis greaterthanthefirst.

SprayCone-Angle.-InFigure9 aregiventhespraycone-

anglesof thespraysat0.003secondafterthestartof injec-

tion,whenthespraywasfullydeveloped.WiththeO.Ol&inch

orificethespraycone-anglewasindependentof chamberpressure.

Withthehelicallygroovedsternin theinjectionvalve,there

was a slightdecreaseinthe angleas theorificelengthto diam-

eterratiowasincreased.Withtheplainstem,a maximumangle

occurredat a ratioof 2.6. Withthe0.040-inchorificeandthe

helicallygrooved‘stem,the sprayangleIJRScGrisiderablygreater
,

thanwiththe0.014-inchorifice,becauseof thelager tamgen-

tislvelocitycomponentsof thespray. Thenigherchamberden-

sitiesdecreasedthespraycone-angle.Withthe

the0.040-inchorifice,theanglewasnearlythe

the0.014–inchorifice;butno maximumoccurred.

plainstemand

sameaswith

Joachimand

Beardsley(Reference1) alsoshowedthesprayangleto decrease

withan increasein theorificelengthto diameterratio.
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Conclusions

Theconclusions,drawnfromtheexperimentaldataareas

fOllows.

1. Witha plainstemin theinjectionvalve-

a) Increasingtheozificelengthto diameterratio

causes:fiest, a decreasein thespraytippene-

tration,so thata minimumpenetrationis~eached

at a ratiobetween1.0and2J5; and,second,an

increasein penetration, so thata maximumis

reachedat a ratio“of3:5or greater.

*
b) As theairdensityintowhichthefuelis sprayed

is increased,therateof changeofpenetration

withorificelengthto diameterratiois decreased.

c) The spraycone-angleislittleaffectedby theor.

ificelengthto ciiameierratio.

2. Witha helicallygroovedstemin theinjectionvslve-

a) Increasingtheorificelengthto diameterratio

causesat firstan increasein the

However,as thetimeis increased,

etrationoccursat a ratiobetween

witha .014=inchorifice.

penetration.

a Kiillimumpen-

0.5and2.0

.

.
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b) As theratioof orificeareato grooveareais in-

creasedby enlargingtheorificediameter,theten-

dencyfora minimumpenetrationto occurisles-

sened.

c) As theairdensityintowhichthefuelis sprayed

is increased,therateof changeinpenetration

decreases,

d) Thespraycone-angleisdecreasedas theorifice

lengthto diameterratiois increased.

LangleyMenorialAeronauticalLaboraotry,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,October1, 1930.

.
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1 = Orificelength
d= Orificediameter

Enlargedviewof thevalve
assemblywithhelically
groovedstemlifted.

Fig.1 Injectionvalveassembliesandspraychamber..
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